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Abstract

We experimentally study the drying of loosely packed wet glass beads at low initial water content. The drying rate is found

to decrease at the start, corresponding to the decreasing rate period controlled by vapor diffusion, followed by a deviation in

drying rate from the diffusion limited evaporation. The propagation of drying front associated with a sharp saturation gradient

is identified through both image analysis and magnetic resonance imaging technique. The drying-induced collapse of granular

medium is observed and quantified. The concentrated collapse at the end of drying suggests the existence of liquid in the form

of liquid bridges in the apparent dry region until the end of drying process. Collapse event is found to be local, i.e., a clear

boundary can be identified for each collapse event, below which the loosely packed medium remains intact. This indicates the

existence of a saturation gradient in the apparent dry region. The drying dynamics and collapse statistics suggest that the

observed transition of drying regimes is due to Kelvin effect. This work demonstrates for the first time the drying enhancement

phenomenon due to Kelvin effect even for grains with size of hundreds of micrometers, and provides insights on the drying

process of partially saturated granular materials, especially near the final period of evaporation.
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Abstract

We experimentally study the drying of loosely packed wet glass beads at low

initial water content. The drying rate is found to decrease at the start, corre-

sponding to the decreasing rate period controlled by vapor diffusion, followed

by a deviation in drying rate from the diffusion limited evaporation. The prop-

agation of drying front associated with a sharp saturation gradient is identified

through both image analysis and magnetic resonance imaging technique. The

drying-induced collapse of granular medium is observed and quantified. The

concentrated collapse at the end of drying suggests the existence of liquid in

the form of liquid bridges in the apparent dry region until the end of drying

process. Collapse event is found to be local, i.e., a clear boundary can be iden-

tified for each collapse event, below which the loosely packed medium remains

intact. This indicates the existence of a saturation gradient in the apparent dry

region. The drying dynamics and collapse statistics suggest that the observed

transition of drying regimes is due to Kelvin effect. This work demonstrates for

the first time the drying enhancement phenomenon due to Kelvin effect even

for grains with size of hundreds of micrometers, and provides insights on the

drying process of partially saturated granular materials, especially near the final

period of evaporation.
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Highlights

• Drying-induced collapse of loosely packed granular media is observed and

quantified.

• NMR technique is used to reveal the distribution of liquid during evapo-

ration.5

• The existence of liquid in the apparent dry region is evidenced by the

concentrated collapse near the end of drying experiment.

• The enhancement of evaporation rate is observed and explained by Kelvin

effect.
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1. Introduction10

Drying of porous media is essential in relation with many applications, such

as food processing, drugs and cosmetics synthesis in the pharmaceutical indus-

tries, oil recovery, and soil treatment in agriculture. The basic mechanisms of

drying of saturated porous media have been identified as two distinguishable

stages [1–8]. In the first stage, although the primary drying front (below which15

the medium is saturated) is receding into the medium, the evaporation of liquid

at the surface is constantly being supplied through capillary flow, leading to a

constant evaporation rate, which is limited by the external conditions (i.e, veloc-

ity and relative humidity of surrounding air), until either a critical surface water

content [3] or a characteristic depth [5] is reached. Then, the evaporation enters20

the second stage, and the drying rate starts to decrease as a result of dominance

of vapor diffusion, which is accompanied by the secondary drying front (sepa-

rating the dry region and capillary flow region) receding into the porous media

[2, 6–9]. A schematic showing the drying process of porous media is shown in

Fig. 1. Efforts have been made to predict this transition mainly through the25

force balance among capillary, viscous, and gravitational forces, depending on

properties of liquid and solid matrix, such as surface tension, viscosity, wetta-

bility, and pore size distribution [2, 3, 5–9]. Nevertheless, most existing studies

focused on the drying process of initially saturated porous media, and the dry-

ing of partially saturated media with low liquid content, especially towards the30

extreme end of drying, remains relatively unexplored.

For porous media at low water content, i.e, in the pendular state [10–12],

water exists mainly in the form of liquid bridges, making the granular material

cohesive as a result of the capillary force from liquid bridges [10, 12–15]. As a

result, studies have demonstrated a significant decrease in packing fraction of35

wet porous media compared with dry (or fully saturated) media [16–19]. This

may have several implications for the dynamics of drying processes. Firstly, as

reported in the literature, for cohesionless particles with size typically greater

than 100 µm (negligible van der Waals forces), the lower limit of packing fraction
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Figure 1: Schematic showing the drying process of porous media. In the constant rate period,

evaporation of liquid at surface is supplied by capillary flow. After reaching a characteristic

length L∗, the second drying front starts receding into the medium, marking the transition

towards decreasing rate period.

is around 0.55 (random very loose packing) [20–24]. Therefore, drying-induced40

collapse may occur in loosely packed wet granular materials (e.g., packing frac-

tion less than 0.55 for mono-sized spheres) as the liquid bridges disappear during

evaporation. Besides, since the liquid bridges can be regarded as isolated in the

pendular regime, the initial drying stage is expected to be fundamentally dif-

ferent from the saturated case where the connected liquid network can supply45

liquid towards the medium surface through capillary flow. Particularly, several

studies have suggested that, apart from capillary flow, the film flow at grain

surface due to adsorption can maintain the connectivity of liquid phase [25–28].

It is thus interesting to examine the potential influence of film flow on the drying

process, especially at low initial water content.50

In this work, we experimentally investigate the drying of loosely packed wet

glass beads at low initial volumetric water content (∼2%). Such low initial

water is chosen in order to focus on the drying process near the end of drying,

which also allows the generation of loosely packed sample and investigation

on the drying-induced collapse. The sample was firstly prepared with desired55

packing fraction (∼0.45) through a recently reported experimental procedure

[11, 19], after which the drying experiment was conducted. The statistics of

collapse events during drying as well as the evolution of liquid distribution
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were obtained through image analysis and magnetic resonance imaging (MRI)

technique, which provide global and local insights on physical mechanisms that60

govern the drying process.

2. Experiments

Materials and sample preparation: Mono-sized glass beads of average

diameter 375.5 µm (standard deviation 31.8 µm) are chosen with consideration

of (1) to exclude the effect from van der Waals forces on packing structure, and65

(2) to have significant decrease in packing fraction once water is added [11, 16–

19]. The sample was mixed thoroughly with water at volumetric water content

5± 1% [11, 19, 29]. Then, a sieve containing the wet glass beads was shaked by

a vibration machine. A cylindrical container with inner diameter 13.70 ± 0.01

mm and inner height 44.22 ± 0.12 mm was placed under the sieve, which was70

supported by struts that are disconnected with the vibration machine. Wet

grains fell progressively from the sieve into the container once the vibration

starts. The free fall height of grains, i.e., the distance between the sieve and

the container can be adjusted to control the resulting packing fraction [19].

After the sample preparation, the initial volumetric water content and packing75

fraction were measured to be w0 = 1.7±0.2% and ρ0 = 0.45±0.01, respectively.

Drying experiments: The samples were dried at laboratory conditions

at temperature of 21 ± 1 ◦C and 0.55 relative humidity. The weight of each

sample was recorded every minute by an analytical balance (Sartorius CP224S)

with nominal resolution of 0.1 mg, and photos were taken every 10 minutes80

by a camera (Canon 600D). Generally, the drying experiment under described

conditions took around 45 hours to complete. The end of drying can be identified

once the sample weight stops changing and remains at a constant value with

fluctuations of the resolution of balance (also indicated by the relatively sharp

turning point of drying rate, e.g., in Fig. 2(a)). The completion of drying85

process was further verified by comparing the residual water content of sample,

calculated from the weight difference before and after heating in oven overnight
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at 105 ◦C, to that of dry sample in laboratory condition, both of which were

0.029 ± 0.001%. The cumulative drift of balance was found to be less than 0.5

mg during the entire experiment.90

MRI profiling experiment: The nuclear magnetic resonance imaging

(MRI), as a non-invasive and non-destructive method, has proven effective

in probing the evolution of saturation profile during the evaporation process

[8, 30, 31]. Here, the drying experiments were also conducted to obtain the

evolution of 1D saturation profile using MRI (Bruker Minispec mq20 equipped95

with a field gradient) under similar experimental conditions as a supplement to

provide qualitative characterization of the drying process. Due to the limitation

on the size of NMR tube for the mini-spectrometer, the sample size is smaller,

i.e, inner diameter of 6.9 mm and inner height of 14.5 mm. Besides, vibration

was applied to the container to remove the grains sticking at the inner wall,100

leading to the initial packing fraction ∼0.58 for MRI experiments.

A multi-echo sequence with 128 echos was applied during the evaporation

process. The echo time was 7.4 ms, much smaller than the typical relaxation

time of the water at 40 ms to avoid a T2 weighting. The field of view was 20 mm,

greater than the sample height. The number of pixels was 128, corresponding105

to a spatial resolution of 0.16 mm. An averaging by 3 pixels was carried out to

smooth the data. The recycle delay was 2 s (much greater than the total dura-

tion of the multi-echo sequence and typical value of the longitudinal relaxation

time T1 of the water in this sample) to reach the magnetization equilibrium and

to avoid warming of the sample. The signal was accumulated 128 times in order110

to increase the signal-to-noise ratio, leading to the cycle period of about 4.3

minutes. A Fourier transform of each echo and a Gaussian filter were applied.

An exponential fit of odd echos for each pixel was done to get the amplitude,

which is proportional to the mass of water corresponding to each pixel. The

integration of each 1D profile gives the total NMR signal, which is proportional115

to the total mass of water.

At the same time, we measured the NMR relaxation through a Carr-Purcell-

Meiboom-Gill [32] (CPMG) sequence composed of a first π/2-pulse and 2500
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Figure 1 – Phenomenon statement: drying and collapse. (a) weight vs time (b) collapse snapshot
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Description of experiment, and general observation: 
(1) decreasing drying rate, entering a constant drying period. 
(2) collapse of granular material after drying

Figure 2: (a) Change of weight as a function of time for two typical experiments with initial

packing fractions ρ0 = 0.448 and ρ0 = 0.468. Inset: corresponding water content as a function

of time. (b) Photos of sample taken at initial and final stages of drying. Scale bar represents

10 mm.

π-pulses during 500 ms distributed in linear intervals. The repetition time is 2

s for relaxation of protons. This sequence was repeated 128 times to increase120

the signal-to-noise ratio. By means of Inverse Laplace Transform (ILT) with a

procedure of non-negative least square fit to the data with Tikhonov regulariza-

tion (similar to the “Contin” method as in [33, 34]), the transverse relaxation

time T2 distribution can be resolved. We refer to [35] for more details. Note

that the 1D profile and CPMG experiments were carried out intermittently in125

a loop function, leading to an effective time resolution of around 9.9 minutes.

3. Results and Discussion

3.1. Evaporation rate and propagation of drying front

Fig. 2(a) shows the change in sample weight (and water content in the inset)

as a function of time for two typical experiments with initial packing fractions130

of 0.448 and 0.468. For both experiments, the rate of change in weight decreases

at the initial stage, entering a roughly linear stage after t ≈ 15 hours, implying

a constant drying period. This is in direct contrast to drying of fully saturated

media, where the decreasing rate period occurs after the constant drying regime.
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Figure 3: Drying dynamics of a typical experiment. (a) Drying rate ṁ as a function of time.

Red-dotted lines mark the time of collapse event. Inset: ṁ−2 as a function of time. Black-

dashed line is the linear regression based on data up to t = 15 hours. Grey area represents

the transition between drying regimes. (b) Depth of drying front versus time. Inset shows

the color map of difference between two consecutive images (only top region is shown for

visualization purpose). (c) Height of glass beads sample versus time. The identified collapse

events are shown as blue dots. Inset: evolution of packing fraction calculated based on sample

height. Dashed line and dotted-dashed line represent the packing fractions at dry condition

using pouring method (0.58) and random very loose packing (RVLP) state (0.55), respectively.

Shaded area represents standard deviation.

Fig. 2(b) shows two photos taken at the initial and final stages of drying period,135

where significant settlement of grains can be seen.

Since the packing fraction is found to be strongly influenced by the interpar-

ticle forces [36–43], the drying-induced collapse, as explained earlier, originates

from the structural instability of the loosely packed granular material once the

liquid bridges evaporate, such that the assembly transitions from cohesive state140

to cohesionless state as the capillary force diminishes. Although it has been ar-

gued that decrease in liquid content does not result in variation in interparticle

forces from liquid bridge because the decrease in liquid-solid contact area bal-

ances with increase in Laplace pressure [13, 15, 44, 45], at very low liquid content

(asperity or roughness regime [44]), the capillary force decreases sharply with145

smaller liquid volume due to surface roughness, which has been demonstrated in

force measurement experiments in liquid bridges during drying process [46–48].

This implies the existence of a critical water content at which the collapse will

be triggered.
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Fig. 3(a) more clearly shows that the drying rate ṁ starts to decrease at150

the beginning of the experiment, entering a roughly constant rate period after

15 hours (marked by the grey region). Then ṁ maintains at this level before

decreasing to zero at the end of evaporation. To compare the observed drying

rate with evaporation controlled by vapor diffusion, the inset plots ṁ−2 as a

function of time, where a linear relation can be observed during the first 15155

hours (black-dashed line), consistent with the theory on the basis of Brutsaert

and Chen [1] and experiments during the “second” drying period for initially

fully saturated media [9]. This confirms that the liquid bridges can be regarded

as effectively isolated, and the effect from film flow is not significant.

From image analysis, as shown in Fig. 3(b), the propagation of drying front160

can be identified through comparing the contrast between two consecutive pho-

tos (also see Supporting Information Movie 1). It is found that the speed of

receding drying front initially decreases, before entering a constant regime after

t ≈ 15 hours, in line with the transition of drying rate. After the end of drying

process (∼42 hours), the drying front cannot be identified. Fig. 3(c) shows the165

evolution of sample height h during drying. The changes in h is found to be

rather discrete, corresponding to individual collapse events. Also, it can be seen

that the majority of the decreases in h occurs near the extreme end of the ex-

periment. The inset shows the corresponding packing fraction determined from

images. The times of collapse events are marked as red-dashed-dotted lines in170

Fig. 3(a) and Fig. 3(b).

To ensure the determination of drying front from image analysis actually

reflects the saturation profile within the granular medium, and shed light on the

liquid distribution during the drying process, drying experiment was conducted

using NMR technique under similar experimental conditions. Fig. 4(a) shows175

the evolution of 1-D saturation profile during NMR experiment, where light

yellow color represents early stage and dark red indicates late times with 50

minutes increments. The saturation, represented by the NMR signal, is found to

have similar value along the vertical direction at the start, indicating saturation

homogeneity and that the medium is relatively well mixed. As the drying front180
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Figure 4: (a) Evolution of the 1-D NMR signal (direct indication of water content) profile.

The transition from light yellow to dark red indicates snapshots at progressive time intervals.

The time increment for each profile is 50 minutes. (b) Accumulated NMR signal versus time.

The black-dashed-dotted line is added only to guide the eye. (c) Evolution of transverse

relaxation time T2 during drying experiment. Blue-dash-dotted line follows the peak value of

T2 at different times. Inset: Evolution of representative T2, calculated as the weighted average

of the distribution. In all plots, black-dashed lines and black-solid lines denote the same time,

i.e., 22.42 hours and 27.29 hours, respectively.

recedes into the medium, the water content remains unchanged below the drying

front, whereas the saturation above the drying front drops to a value smaller

than the noise of NMR signal (less than ∼0.05%). Fig. 4(a) also demonstrates

that the saturation gradient at the drying front is relatively sharp (around 2

mm). It is interesting to note that, visually, the spacing between the 1D profiles185

is relatively the same, indicating a drying front propagating downwards linearly

with time, consistent with the drying regime with relatively constant drying

rate. Near the end of drying, a transition can be identified (marked by the

black-dashed line). After this transition, the drying region becomes stable in

space, and the remaining saturation near the bottom of sample progressively190

approaches the end state, which is marked by the black-solid line. Fig. 4(b)

plots the accumulated NMR signal as a function of time, which is the sum of

area under the curve at different times from Fig. 3(a). After an initial sharp

drop, the decrease in water content again decreases roughly linearly, consistent
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with the previous observations. Note that the residual NMR signal after the195

evaporation finishes was found to be non-zero, which could result from the noise

of the NMR signal itself and/or from the irreducible water content (the water

content at dry state under laboratory conditions). But this should not influence

the result as same signal was found for dry samples.

3.2. Evolution of liquid distribution200

Through CPMG (Carr-Purcell-Meiboom-Gill) experiment [32], the trans-

verse relaxation time T2 during drying can be obtained, which reads as [49, 50]:

1

T2
≈ λ S

V
+

1

T bulk
2

≈ λ S
V
, (1)

where λ is the surface relaxivity (unit: m/s), T bulk
2 is the relaxation time of bulk

water, S is the wet surface area, and V is the volume of water. The term from

T bulk
2 can be neglected in Eqn. (1) according to Tarr and Brownstein criterion205

[51] since the dimensionless parameter aλ/D is found to be much less than

1, corresponding to the fast diffusion region (also denoted as surface limited

relaxation), where a is the characteristic size of liquid cluster, and D ≈ 2.3 ×

10−9 m2s−1 is water self-diffusion coefficient at 25 ◦C [52]. Fig. 4(c) shows

the evolution of T2 distributions, where the arrow indicates increasing time. At210

early times, a peak at T2 ≈ 100 ms can be seen. If look closely, a secondary peak

is also present at T2 ≈ 2 ms. Since liquid in non-saturated granular material

can exist in the form of both liquid bridges between grains and thin films on

grain surface [10, 12, 26, 53], it is likely that populations in the vicinities of

T2 ≈ 100 ms and T2 ≈ 2 ms correspond to the liquid bridges and thin films,215

respectively. To test this hypothesis, for given initial volumetric water content,

assuming liquid bridges contribute to the majority of liquid volume, we can

estimate the average volume of liquid bridge in monodisperse spheres assuming

a coordination number N ≈ 6 [54, 55]. Then, using the relation [56]:

V = 0.12d3p sin4 (β)CaCθ, (2)

the half-filling angle β can be obtained, where dp is particle diameter, Ca = 1220

for particles in contact, and Cθ = 1+1.1 sin θ is the correction factor for contact

12



angle θ. Finally, the volume-to-area ratio can be expressed as:

V

S
=

0.12d3p sin4 (β)CaCθ

π(1− cosβ)
. (3)

From Eqn. (3) and Eqn. (1), combined with the ratio of T2 of two populations,

the average thickness of thin film, which is simply calculated as h = V/S, is

found to be h ∈ [0.17, 0.25] µm for contact angle θ ∈ [0◦, 60◦]. Past studies225

have indicated that the film thickness h is of the same order as roughness of

grains [57]. For example, the film thickness is found to be h ∼ 0.6 µm for

Fontainebleau sandstone of roughness depth 1 µm [57]. Thus, for typical glass

beads of roughness ∼ 0.5 µm [10], the film thickness is expected to be ∼ 0.3

µm, which agrees well with the calculated value. To check the assumption that230

the total volume of liquid film is much smaller than that of liquid bridges, the

volumetric water content under the condition where all surface areas are covered

by thin film is found to be ∼ 0.2%, much smaller than the total initial water

content of ∼ 4.3% in NMR experiment.

Therefore, Fig. 4(c) implies that the liquid exist mainly in the form of liquid235

bridges (high NMR signal), and the contribution from the thin films can be ef-

fectively ignored. The trajectory of T2 with maximum NMR signal is shown as

blue-dot-dashed line. It remains almost constant before the transition marked

by black-dashed line, then experiencing a sharp decrease. This is indeed con-

sistent with the previous observation where the drying front recedes into the240

porous medium, leading to a significant decrease in total volume of liquid (cor-

responding to decrease in NMR signal), but with no significant change of the

geometrical feature of liquid clusters (corresponding to constant T2). The lat-

ter is mainly represented by the volume-to-area ratio of the liquid bridges that

make up the bulk of liquid volumes (those below the drying front). The volume-245

to-area ratio only starts to decrease near the end of drying, corresponding to

a drying region that is stable in space (Fig. 4(a) after the black-dashed line),

during which the representative volume of liquid bridges decreases. Similar ten-

dency can be reflected from the representative T2 (Inset of Fig. 4(c)), calculated

as the weighted average of T2 distribution at different times, where it decreases250

13



slowly before t = 22.4 h due to the weighted averaging process, and a sharp

decrease can be observed after the transition. It is interesting to note that the

spatial shift of saturation profile (front propagation) in Fig. 4(a) corresponds to

the decrease in signal intensity of T2 distribution in Fig. 4(c), whereas a spa-

tially stable decrease in saturation after the transition (t = 22.4 h) corresponds255

to the shift in value of representative T2. These observations together reveal the

global and local evolution of volume and shape of liquid clusters.

3.3. Drying-induced collapse

Given the observation of the drying front and sharp saturation gradient

propagating downwards continuously, one would expect similar statistics of col-260

lapse events that are correlated with the drying front. However, surprisingly,

Fig. 3(c) shows that the collapse events (blue dots) occur in a rather discrete

manner, with most collapse events occurring at the very end of drying. This has

two implications. Firstly, liquid bridges exist in the dry region above the drying

front with corresponding water content that is too small to be detected by NMR265

technique (less than ∼0.05%), but sufficient to support the loose structure of

the medium. Although we are unable to find past works on the critical liquid

content that marks the onset of most drying-induced collapses, the variations

of the tensile/shear strength of non-saturated granular materials, as well as the

packing fraction of wet grains, should bear the indicative information on the270

critical liquid content, as the fundamental grain-scale mechanism that controls

the aforementioned macroscopic behaviours is the interparticle cohesive forces

due to liquid bridges. For spherical grains such as glass beads, the threshold

liquid content is indeed found to be rather small (< 1%) [12, 16, 58]. Particu-

larly, the degree of saturation at maximum shear-wave velocity, which is directly275

related to the shear modulus, is determined to be ∼0.7% [58], below which the

shear modulus plummets with decreasing water content. This critical liquid

content can be effectively regarded as an upper bound for the critical saturation

for the collapse, since the unstable loosely-packed structure will not be able to

withstand gravity of particles once the enhancement in interparticle frictional280
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resistance due to liquid bridges (reflected by shear modulus) is reduced. Note

that this threshold value is likely to be sensitive to particle shapes and grain

size distribution [58–61], which is worth investigating in future works.

Secondly, contrary to past hypothesis that the liquid in the apparent dry

region cannot be further extracted and equals to the air-dry value [8, 62], it285

indeed can be further reduced near the end of drying, which is signaled by the

collapse events.

To ensure the repeatability of the experiments and gain sufficient statistical

information on drying-induced collapse, the sample height versus time from six

experiments are plotted in Fig. 5(a). Again, concentrated collapses are observed290

at t ≈ 40 hours depending on initial water content and minor fluctuations in

relative humidity and temperature, and almost no collapse event occurs in the

first 30 hours even with significant apparent dry region after propagation of

drying front (Fig. 3(c)). The corresponding packing fraction ρ calculated from

image analysis is shown in Fig. 5(b). The solid and dot-dashed lines represent295

the packing fractions measured at dry condition using pouring method [19] and

lower limit of random very loose packing (RVLP) [20–23], respectively. As can

be seen in Fig. 5(b), the packing fraction increases from ∼ 0.45 to ∼ 0.55 after

collapse, close to the RVLP. Note that there is an underestimation of the packing

fraction, as the surface is no longer perfectly smooth after collapse such that the300

occupied volumes of particles determined from 2D images are typically greater

than actual ones. This may explain some of the final packing fractions are still

smaller than the RVLP limit.

Apart from the identification of drying front and collapse height, the indi-

vidual collapse region, characterized by its length lc can also be obtained from305

the image analysis. Fig. 5(c) shows the image contrast (subtraction of image

matrix) before (cn − 1), at (cn), and after (cn + 1) an individual collapse event.

Three distinct regions can be identified: (1) large contrast region with cumu-

lative horizontal contrast above 2000, which represents the region that is filled

before the collapse, but empty after; (2) moderate contrast region with con-310

trast smaller than 2000 and greater than 300, which represents the region that
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Figure 5: (a) Height versus time for six repeated experiments. Concentrated collapse events

are observed near the end of drying (t ≈ 40 hours). (b) Corresponding packing fraction

determined from the image analysis. Solid line and dotted-dashed line represent the packing

fractions at dry condition using pouring method (0.58) and random very loose packing (RVLP)

state (0.55), respectively. (c) Typical data of the sum in the horizontal direction of difference

of two consecutive images right before (cn − 1), at (cn), and right after (cn + 1) a collapse

event. Distance between the black-dashed lines represents the individual collapse region length

lc. Inset: photos right before/after a collapse event. The region above the white-dashed line

collapses, whereas the region below remains unaffected. (d) Statistics of collapse events for

six experiments: change in height ∆h versus individual collapse region length lc. Filled and

hollow symbols represent the first and subsequent collapse events, respectively. Black-dashed

line shows the theory when packing fraction changes from 0.45 to 0.58 homogeneously.
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is filled with initial packing state, but collapses into different (denser) packing

state after; (3) small contrast region with contrast less than 300, where there

is no change in structure and the fluctuations are mainly from image noise.

Note that the changes in image contrast at the boundaries of different regions315

are relatively sharp, and it is found that minor variations in these empirically

selected threshold values do not significantly impact the results. In the case

of Fig. 5(c), the distance between the black-dashed lines is thus lc. Note that

the individual collapse region length lc is calculated as the effective one, i.e, it

only represents the region that evolves from loose state towards denser state at320

each individual collapse, without the cumulative effect from previous collapses.

The inset shows the photos before and after an initial collapse event, where

the region below the white-dashed line remain unaffected. This suggests that

even in the apparent dry region, there exists a saturation gradient, which may

correspond to a third drying front that separates the sample by the effectiveness325

of the capillary bridge through a critical water content. The region below this

drying front can withstand the impact of collapse above it and remain intact

due to the capillary force. As one of the main findings, this third drying front

has not been discovered before. However, a more thorough investigation re-

quires higher resolution of measuring device and more controlled experimental330

condition, which is beyond the scope of current work.

Fig. 5(d) depicts the correlation between change in height and individual

collapse region length. Filled and hollow circles represent initial and subsequent

collapse events for each experiment in different colors. It shows that the initial

collapse events tend to have greater region of impact. In addition, most points335

can be described by a theoretical line assuming the packing fraction changes

from 0.45 to 0.58 for each individual collapse event. This again indicates that

the nature of collapse is local. Besides, it shows that both the initial packing

structure before collapse, and the change in packing fraction for each individual

collapse event, are relatively homogeneous.340
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3.4. Transition in drying regimes

One possible reason that results in the observed transition in drying regimes

could be the theory of enhanced vapour diffusion in non-saturated porous media

[63, 64], i.e., in the presence of thermal or capillary gradient, the vapor can

condensate on one side of liquid island and subsequently evaporate from the345

other side, which reduces the effective diffusion path length. Nevertheless, the

enhancement factor in this model decreases with decreasing saturation, being

close to one at low saturation [64]. Since the initial water content is also low

in the current study (∼2%), and the transition takes place in later stage of

drying (at even lower water content), the enhanced diffusion theory alone cannot350

explain the observed results.

Besides, the effect from film flow at low water content regime has been

explored in the recent years [25–28, 53, 62], where the liquid connectivity is

maintained through the thin liquid film at the grain surface. As a result, the

drying flux through the film flow is proportional to the specific surface area of355

the granular medium, which implies that the drying flux at transition in drying

regimes, if mainly transported through film flow, should be sensitive to the grain

size. However, we did not observe this phenomenon and the critical drying rate

at which the transition occurs is similar for 376 ± 32 µm and 1594 ± 171 µm

glass beads (Fig. A.1 in the Appendix).360

Actually, it is likely that the observed phenomena is due to Kelvin effect.

The Kelvin equation ln p∗ = γVm/rRT indicates that the relative vapor pressure

at the liquid-gas interface p∗ depends on the capillary pressure γ/r, with γ

surface tension, r the radius of curvature of liquid-gas interface, R universal gas

constant, and T temperature. As the drying front propagates and the region of365

the porous medium above it approaches dry condition, the curvature of liquid

bridges quickly increases, leading to drop in vapor pressure at the surface of

liquid bridges, slowing down the drying process of those very small liquid bridges

in the apparent dry region, which explains the existence of liquid in the apparent

dry region. As the evaporation proceeds, the overall drying rate decreases due to370

greater diffusion distance according to Fick’s law, whereas a greater number of
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menisci are exposed to evaporation, thus leading to a deviation from the theory

where Kelvin effect (and thus the presence of liquids above the drying front)

is not considered. The enhancement in drying rate due to Kelvin effect is also

reported in a recent work using pore-network simulation [65]. It is worth noting375

that this phenomenon can be regarded as an equilibration process [8]. However,

different from capillary flow where the equilibration takes place within liquid

phase due to difference in capillary pressure, it is due to constrain in the vapor

pressure according to Kelvin equation. Although without detailed discussion,

similar drying enhancement phenomenon at low saturation (less than 5%) is380

also present in the study by Thiery et al [8]. In fact, the Kelvin effect can

be significant either for very fine particles or very low water content [8, 66],

and the current study demonstrates for the first time the drying enhancement

phenomenon due to Kelvin effect for grains with size of hundreds of micrometers.

4. Conclusions385

The drying of loosely packed granular materials from low initial water con-

tent was experimentally studied. The drying rate is found to decrease from

the beginning, corresponding to the decreasing rate period controlled by vapor

diffusion, which is associated with a propagation of drying front with a sharp

saturation gradient identified through image analysis and magnetic resonance390

imaging. Then, a deviation in drying rate from diffusion limited evaporation

is observed. The enhancement of the evaporation at the later stage of drying

process is attributed to Kelvin effect.

We also observed the drying-induced collapse of granular medium due to

its structural instability as the liquid bridges evaporate and capillary forces395

decrease. The concentrated collapse at the end of drying suggests the existence

of liquid in the form of liquid bridges in the apparent dry region due to Kelvin

effect, which can be further extracted near the end of drying process. Through

analyzing the collapse statistics, it is found that collapse event is local in space

and time, which implies that, apart from previously identified primary and400
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secondary drying fronts, there exists a third drying front in the apparent dry

region, which propagates relatively quickly at the end of drying.
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Appendix

Fig. A.1 shows the drying curves (evolution of sample weight, drying rate ṁ,

and ṁ−2) for grains at different initial packing fractions (a-c) and larger grain

size (d). The black-solid lines are linear fittings based on data at early stages of

drying, which represent the theory predicted based on Fick’s law. An enhance-415

ment in drying rate can be observed in all experiments, which corresponds to

a downward deviation from the linear relation. The drying rates at which this

transition occurs are ∼ 3 g/min for all cases (as in ṁ-t plots).
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[39] D. Lohse, R. Rauhé, R. Bergmann, D. Meer, Creating a dry variety of575

quicksand, Nature 432 (2005) 689–90.

[40] K. J. Dong, R. Y. Yang, R. P. Zou, A. B. Yu, Role of interparticle forces in

the formation of random loose packing, Phys. Rev. Lett. 96 (2006) 145505.

[41] P. B. Umbanhowar, D. I. Goldman, Low density fragile states in cohesive

powders, American Journal of Physics 74 (8) (2006) 720–721.580

[42] R. Yang, R. Zou, K. Dong, X. An, A. Yu, Simulation of the packing of

cohesive particles, Computer Physics Communications 177 (1) (2007) 206

– 209, proceedings of the Conference on Computational Physics 2006.
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